ABSTRACT Electric field optimization is a critical technique to ensure the compact structure and reliable operation for AC gas insulated power apparatus. To obtain a more uniform electric field distribution, this paper proposes the concept of the d-SFGM insulator, i.e., applying the surface functionally graded material (SFGM) with a designed thickness (d) distribution of high permittivity along the insulator surface. The magnetron sputtering technique was used to fabricate the d-uniform insulator and the d-SFGM insulator by depositing BaTiO 3 layers. The theoretical analysis indicates that the electric field distribution is optimized using the d-SFGM insulator, followed by the d-uniform insulator. The finite element simulations were employed to investigate the electric field distributions and dielectric losses of different insulators. The results show that for the case of the d-uniform insulator, a higher permittivity or larger thickness of the sputtering layer results in a more uniform electric field distribution. With the application of the d-SFGM insulator, the maximum electric field strength and dielectric loss are both significantly reduced compared to the duniform insulator. Finally, experimental tests were conducted to further verify the feasibility of SFGM. The AC flashover voltage of the d-SFGM insulator is much higher than those of the conventional insulator and the d-uniform insulators. Therefore, the d-SFGM insulator has great potential for improving the reliability of the AC gas insulated power apparatus. INDEX TERMS Gas insulated power apparatus, insulator, surface functionally graded material, flashover, permittivity, magnetron sputtering.
I. INTRODUCTION
The gas insulated power apparatus plays an important role in the generation, transmission and distribution of the power energy, combining reliability with low losses, low electromagnetic interference, high transmission capacity and safety [1] , [2] . Solid insulators made of epoxy/Al 2 O 3 composites provide mechanical support and electrical insulation for AC gas insulated power apparatus [3] . However, flashover along the insulator surface can easily occur, thereby limiting the operating voltage level and threatening the security of the power system [4] .
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Generally, the highly non-uniform electric field distribution along the insulator surface is considered an important cause of flashover [5] . Because of the higher relative permittivity of the solid insulator compared to the surrounding gas, the electric field is intensified along the gas-solid interface, especially at the triple junction [6] . Structural optimization of the solid insulator, including additional electrodes and complicated insulator shapes, has been applied to improve the distribution of electric field [7] . Nevertheless, these conventional techniques complicate the equipment structure and increase the manufacturing costs [8] , [9] . Therefore, novel methods for grading the electric field and increasing the flashover voltage of insulators have recently been proposed.
The concept of functionally graded material (FGM) with a spatially inhomogeneous permittivity distribution was originally applied to insulator [10] . The laminating method was used to prepare the graded post-type insulator, whose flashover voltage under lightning impulse voltage was increased by 10-25% compared to that of the conventional insulator [11] . The centrifugation technique was then developed to fabricate permittivity (ε)-FGM conical insulators with a continuous permittivity distribution [12] - [15] . The results showed that the application of ε-FGM insulators can reduce the maximum electric field near the triple junction and increase the flashover voltage compared to ε-uniform insulators under lightning impulse voltage. Recently, 3D printing technology was used to fabricate FGM insulators; however, more research and development are required for industrial applications of such FGM epoxy insulators [16] - [18] . Existing fabrication processes such as lamination, centrifugation, and 3D printing show some limitations. First, the control range of permittivity for FGM insulator by bulk doping is small (4-80), which limits the effect of electric field regulation. Second, these methods not only degrade mechanical performances of insulators but also are complex, which makes the FGM insulators hard to be brought into the practical application.
To break the above limitations, the concept of d-SFGM, i.e., applying FGM to the insulator surface, was proposed to form thickness (d) gradient surface layers of ultrahigh permittivity. The radio-frequency (RF) magnetron sputtering technique was used to deposit BaTiO 3 layers on cone-type insulators to obtain the d-uniform and d-SFGM insulators. Subsequently, the fracture section was observed using a scanning electron microscope (SEM) to investigate the influence of sputtering time on the layer thickness. Then the dielectric parameters of sputtering layer were calculated from the capacitance and resistance measurements. Next, the effects of layer permittivity and thickness on electric field distribution and the dielectric loss of insulator were investigated via finite element simulations. Finally, the flashover voltages of the conventional, d-uniform and d-SFGM insulators were measured to verify the feasibility of SFGM. Figure 1 shows equivalent-circuit models for the conventional insulator (Figure 1a) , d-uniform insulator ( Figure 1b) and d-SFGM insulator (Figure 1c) . The conventional insulator consists of epoxy/Al 2 O 3 composites, whose volume relative permittivity is about 6.8. The d-uniform insulator consists of two parts: the bulk consisting of epoxy/Al 2 O 3 composite with a low relative permittivity and the surface layer of BaTiO 3 with an ultrahigh relative permittivity (over 1000). When the thickness of the surface layer is designed to be functionally graded along the insulator surface, a d-SFGM insulator can be obtained. To simplify the model for easy understanding, the stray capacitance of air is ignored because the permittivity of air is quite low compared with the insulator and the BaTiO 3 layer. As shown in Figure 1a , a cone-type insulator can be divided into n (n → ∞) elements. Each element i can be regarded as a cylinder with a radius of r i and a height of dL. Denoting the capacitance value of each element i as C i , the conventional insulator can be approximately considered a capacitor series of C i . According to the capacitance formula, the capacitance value of element i can be calculated as,
II. CONCEPT OF SFGM
where ε 0 and ε r are the vacuum permittivity and the relative permittivity of the insulator, respectively. The capacitive reactance of element i can be calculated according to the following equation:
where f is the power frequency, which is set to 50 Hz in this paper. Under AC voltage, the leakage current primarily consists of the capacitive current I c . Without considering the conductive current, the electric potential drop dV i across element i can be calculated as follows:
Based on the above analysis, the electric field strength E a i along element i surface of the conventional insulator can be described as,
According to Equation (4), it can be inferred that the electric field distribution along the insulator surface is extremely uneven. The maximum electric field strength appears near the HV electrode and decreases from the HV electrode to the GND electrode.
For the d-uniform insulator as shown in Figure 1b , both the bulk and surface layer can be divided into n (n → ∞) elements. Each element i of the surface layer can be regarded as a cylindrical ring with a radius of r i , a thickness of d and a height of dL. According to the capacitance formula, the capacitance value of each surface layer element i can be approximately formulated as,
where ε rs is the relative permittivity of the surface layer. In the equivalent-circuit model for the d-uniform insulator, the bulk capacitor series and the surface layer capacitor series are connected in parallel. When C si C i , the equivalent circuit can be simplified to only the surface layer capacitor series. The electric field strength E b i along element i surface of the d-uniform insulator can be expressed as,
Compared with the conventional insulator, the electric field distribution along the d-uniform insulator is more uniform because the electric field strength is proportional to r −1 instead of r −2 , as shown by equations (6) and (4), respectively. If the surface layer thickness is designed to be functionally graded along the insulator surface (d(r i ) = const/r i ), as shown in Figure 1c , then the electric field strength E c i along surface of element i of the d-SFGM insulator can be described as,
Equation (7) indicates that the electric field strength along the d-SFGM insulator is constant in the ideal case. The ideal electric field distributions along the conventional insulator, d-uniform insulator and d-SFGM insulator are shown in Figure 2 . Considering some idealized hypotheses have been made to simplify the model, the electric field distribution calculated by using the equivalent-circuit models have some deviations. Thus, the finite element simulation is necessary to obtain the accurate electric field distributions of insulators.
III. FABRICATION OF SFGM INSULATOR A. MAGNETRON SPUTTERING
The cone-type insulators used in the experiments were comprised of epoxy/Al 2 O 3 composites, produced following the industrial manufacturing process. In this paper, three d-uniform insulators and one d-SFGM insulator with BaTiO 3 as the deposition material were fabricated using an RF magnetron sputtering apparatus, including a JPGF-400 magnetron sputterer cooled with cold-water circulation, which has been widely used in the semiconductor processing field [19] .
The experimental setup for magnetron sputtering of insulators is shown in Figure 3a . The BaTiO 3 target with the diameter of 60 mm and the thickness of 3 mm was provided by CHINO New Material Technology Co. Ltd. The cone-type insulator was placed below the BaTiO 3 target and remained intact during the sputtering process. By adjusting both the position and hole size of the baffle, the sputtering area of insulator can be controlled. Before sputtering, the chamber was evacuated to achieve the required pressure of less than 5×10 −3 Pa. The input RF power was 90 W, and the gas flow rate of Ar:O 2 was set to 4:1 (SCCM). In the magnetron sputtering process, the target is bombarded by energetic gaseous ions generated by stable RF glow discharge plasma to cause the removal of target atoms, which then condense on insulators as a thin film [20] . Although secondary electrons move to the substrate, the magnetic field can restrict them to a nearby target, thus increasing the possibility of collision ionization of electrons and atoms. The increased ionization efficiency results in the increased ion bombardment on the target, giving higher sputtering rates and higher deposition rates on the substrate [20] , i.e., the insulator.
For a constant sputtering power, the sputtering layer thickness is dependent on the sputtering time. To obtain d-uniform insulators with different layer thicknesses, the sputtering times of three d-uniform insulators were set to 30, 60 and 90 min. Figure 3b shows the surface gradient arrangement for the d-SFGM insulator. The cone-type insulator was divided into four gradients with equal height, and the sputtering times of each gradient were 90, 60, 30 and 0 min from top to bottom. Figure 4a shows the cross-sectional microstructure of conetype insulators. For the untreated insulator, the Al 2 O 3 filler was found to be in the form of a massive structure that was mixed in the epoxy. Compared with the conventional insulator, there is a distinct BaTiO 3 layer deposited on the sputtered insulator surface. Then the average layer thicknesses after 30, 60 and 90 min's sputtering process were measured. To further investigate the functional relationship between the sputtering layer thickness and the sputtering time, curve fitting was conducted, as shown in Figure 4b . With increasing sputtering time, the sputtering layer thickness increases via the following exponential relationship [21] :
B. SURFACE MORPHOLOGY
where d is the thickness of the sputtering layer, µm, and t represents the sputtering time, min.
C. DIELECTRIC PARAMETERS MEASUREMENT
To obtain the permittivity and conductivity of the sputtering layer, the capacitance and resistance were measured using the (LCR) meter under 1 V AC voltage of 50 Hz. Under the same conditions as above, BaTiO 3 was deposited on a sheet copper to form an even layer for better accuracy of measurement results. Then another smaller electrode with diameter of 50 mm was pressed tightly on the sputtering layer. The BaTiO 3 permittivity value can be calculated according to the capacitance formula, which is about 1600 in this paper. Similarly, the volume conductivity of sputtering layer can be obtained from the measured resistance value, which is about 1×10 −7 S/m.
IV. ELECTRIC FIELD SIMULATION A. SIMULATION MODEL
Based on the Maxwell-Wagner theory, the finite element simulations were conducted to investigate the effects of the sputtering layer on electric field distribution of the solid insulator. Figure 5 shows the calculation model which is based on a rotationally symmetric system. In the figure, the physical dimensions of insulator and electrodes are presented in the form of coordinates in millimeters. An AC voltage of 15 kV was applied at the HV electrode. The governing equations for the electric calculation are as follows:
where E is the electric field strength, V/m; V is the electric potential, V; J is the current density, A/m 2 ; σ is the volume conductivity of the involved dielectrics, S/m; ω is the angular frequency of the power grid, rad/s; D is the electric flux density, C/m 2 .
B. EFFECTS OF SPUTTERING LAYER PERMITTIVITY
Since the layer permittivity value can vary with preparation parameters such as sputtering gas, sputtering power and target purity, it is necessary to explore the effects of the sputtering layer permittivity on electric field distribution along the insulator surface, as shown in Figure 6 . In this simulation, the thickness of the sputtering layer on the insulator surface is uniform, with a value of 4 µm. The relative permittivity is set to 500-5000. The creepage distance l = 0 mm is the location of the HV electrode, and the creepage distance l = 21 mm is the location of the GND electrode. The electric field strength declines from the HV triple junction to the GND triple junction. Therefore, the flashover is primarily triggered by the region surrounding the HV triple junction. To illustrate the electric field distribution near the HV triple junction, the logarithm of the creepage distance is presented. The maximum electric field strength at the triple junction clearly decreases with increasing permittivity of the sputtering layer. However, when the permittivity reaches a value of 3500, the electric field distribution is only slightly affected by the permittivity of the sputtering layer. The ''saturation effect'' of the relaxation function on electric field of the sputtering layer with high permittivity can be explained as follows. According to the equivalent-circuit model shown in Figure 1b , the capacitance value C si of each surface layer element i increases with increasing permittivity of the sputtering layer. For a higher permittivity of the layer, the assumption of C si C i is more realistic, and the electric field distribution is more consistent with equation (6) . When the permittivity reaches a certain value, the assumption of C si C i becomes true. Therefore, the continued growth of the layer permittivity has only a slight influence on the electric field distribution along the surface of the BaTiO 3 -sputtered insulator.
Because the permittivity and conductivity of sputtering layer are both higher than those of epoxy/Al 2 O 3 composites, it is meaningful to analyze the leakage current and dielectric loss of insulator. By integrating the current density on the HV or GND electrode, the leakage current of the insulator can be obtained. Figure 7 shows the real component (I R ) and imaginary component (I C ) of leakage currents as well as dielectric losses (tanδ) of the BaTiO 3 -sputtered insulators with different levels of layer permittivity. As the relative permittivity of the sputtering layer varies from 500 to 5000, the imaginary component of insulator leakage current continues to increase from 14.0 to 16.9 µA, because of the increasingly lower capacitive reactance of sputtering layer; but the real component of leakage current almost keeps constant. As for the dielectric loss, the ration of I R to I C , has inevitable decline trend. Figure 8 shows the electric field distributions along the conventional insulator and BaTiO 3 -sputtered insulators with different sputtering layer thicknesses. The permittivity value of sputtering layer is set to 1600 in this section, and layer thickness ranges from 1 to 10 µm. By introducing the BaTiO 3 layer, the electric field strength is significantly reduced at the triple junction. With increasing layer thickness, the effect of the electric field relaxation function grows substantially. And when the layer thickness reaches 8 µm, the electric field distribution becomes stable. Similarly, the capacitance value C si of element i increases with increasing thickness of the sputtering layer. For a thicker layer, the assumption of C si C i is more realistic, and the electric field distribution is more likely to obey equation (6) . It is clear that when the layer thickness reaches a certain value, the assumption of C si C i will hold true. The electric field changes slightly with the layer thickness, and the ''saturation effect'' of the electric field relaxation function appears again. As shown in Figure 9 , the maximum electric field strength declines VOLUME 7, 2019 FIGURE 8. Electric field distributions along the conventional insulator and BaTiO 3 -sputtered insulators with different layer thicknesses.
C. EFFECTS OF SPUTTERING LAYER THICKNESS

FIGURE 9.
Combined effects of sputtering layer permittivity and thickness on maximum electric field strength along insulator surface.
with increasing both the sputtering layer permittivity and thickness, and finally reaches a stable value when the product of sputtering layer permittivity and thickness is high enough. Figure 10 shows the leakage currents and dielectric losses of the BaTiO 3 -sputtered insulators with different layer thicknesses. The thicker sputtering layer, the increasingly reduced capacitive reactance and impedance of the sputtering layer causes the BaTiO 3 -sputtered insulator to have a larger I C and I R . Meanwhile, the rising rate of I R is higher than that of I C , which causes increased loss of insulator. In practical applications, an optimal sputtering layer thickness should be chosen by considering both the electric field distribution and the dielectric loss.
D. APPLICATION OF PREPARED INSULATORS
As described, the ''saturation effect'' of the electric field relaxation function exists in the d-uniform insulator with increasing permittivity and/or thickness of the sputtering layer. For superior electric field distribution, the d-SFGM insulator is necessary to be presented. The prepared insulators, three d-uniform insulators and a d-SFGM insulator, were applied to compare the electric field relaxation function and dielectric losses of insulators. Figure 11 shows the electric field distributions along the conventional insulator, d-uniform insulators and d-SFGM insulator. The permittivity of sputtering layer is 1600, which has been measured in front section. According to the theoretical analysis, to further improve the electric field distribution compared to the d-uniform insulator, the d-SFGM insulator was fabricated by grading the thickness of sputtering layer, as shown in Figure 3b . It is obvious that the maximum electric field strength at the HV triple junction is further reduced by the application of d-SFGM insulator compared with d-uniform insulators. Because of the thickness variations of the different gradients of sputtering layers, three electric field distortions can be observed. The electric field distortions can be suppressed by increasing the division of the gradient. Especially, the continuously graded distribution of sputtering layers could completely eliminate these distortions, because there is no mutation in thickness. In addition to the enhanced effect of relaxation on electric field strength, the d-SFGM insulator is also found to possess a lower leakage current and dielectric loss than the 3.349 µm-sputtered insulator, as shown in Figure 12 . Therefore, the d-SFGM insulator has a greater potential for application in AC gas insulated power apparatus.
V. FLASHOVER TEST RESULTS
In the previous sections, the feasibility of the d-uniform insulator and the d-SFGM insulator with BaTiO 3 -sputtered layers to achieve a uniform electric field distribution has been validated via theoretical analysis and electrical simulation. In this section, flashover tests were conducted to evaluate the insulation performance of insulators.
The test insulator was placed between parallel plane electrodes with a diameter of 60 mm. One of the electrodes was connected with a standard AC voltage through a limiting resistance, and the other with the ground. The AC flashover test was conducted in a chamber at the temperature of 20 • C. At least fifteen flashover tests were performed for each kind of insulator. Then the Weibull plots were used to analyze the flashover voltages of the conventional insulator, d-uniform insulator and d-SFGM insulator. Figure 13 shows the flashover voltages of the conventional insulator, d-uniform insulators (0.818-, 1.608-, and 3.349-µm-sputtered insulators) and the d-SFGM insulator. The observed phenomena are consistent with the electric field distribution. For the conventional insulator, the flashover voltage is ∼15.2 kV. The flashover voltage of the d-uniform insulator is higher than that of the conventional insulator and increases with increasing layer thickness. Among the d-uniform insulators, the 3.349 µm-sputtered insulator has the highest flashover voltage of ∼17.1 kV. By applying the d-SFGM insulator, the lower electric field strength near the HV triple junction causes the flashover voltage to reach as high as ∼18.1 kV. Such promotion of 20% on insulator flashover voltage is of great significance to prolong service life, save space and reduce GHG emission for AC gas insulated power apparatus. If the d-distribution is refined, according to equation (7), the flashover voltage of d-SFGM insulator can be significantly improved.
VI. CONCLUSIONS
The concept of SFGM was proposed and applied to cone-type insulators in this paper. The electric field distributions, leakage currents, dielectric losses and flashover voltages of the conventional insulator, d-uniform insulator and d-SFGM insulator were investigated. The main conclusions of this paper are as follows:
(1) The equivalent-circuit models indicate that the d-SFGM insulator has the most uniform electric field distribution, followed by the d-uniform insulator and the conventional insulator. (2) For the d-uniform insulator, as the permittivity of the sputtering layer increases, the electric field distribution becomes increasingly uniform, and the dielectric loss of insulator decreases. As the sputtering layer thickness increases, the electric field distribution is increasingly improved. Considering the ''saturation effect'' of layer thickness on electric field relaxation, an optimal thickness should be designed to achieve the better electric field distribution and lower dielectric loss. Therefore, the d-SFGM insulator has great potential for practical application in AC gas insulated power apparatus.
